Recent studies have shown that exercise-induced pulmonary hypertension (EIPH) is not rare in patients with preserved left ventricular ejection fraction (LVEF). However, the determinants and clinical implication of EIPH in these patients are unclear.
Introduction
Exercise-induced pulmonary hypertension (EIPH) is a cause of exercise intolerance and exertional dyspnoea, and it has been considered to be an early and mild phase of the pulmonary hypertension spectrum. 1 -3 EIPH had been defined as a mean pulmonary artery pressure (PAP) .30 mmHg at exercise, but has remained controversial and a poorly understood disease entity. 2, 4 EIPH is associated with worse clinical outcomes in left ventricular (LV) dysfunction, 5, 6 mitral regurgitation, and aortic stenosis. 7 -9 The clinical implications of EIPH have been known in heart failure (HF) with reduced left ventricular ejection fraction (LVEF) and valvular heart diseases. However, the implications of EIPH in patients with preserved LVEF have not been fully investigated. Although recent studies have shown that EIPH is not rare in patients with normal LVEF, 3, 10 there is limited data on the determinants and clinical implications of EIPH in these patients. Thus, we investigated the clinical characteristics and determinants of EIPH in patients, who complain dyspnoea on exertion or chest discomfort, with preserved LVEF. † A.Y.L. and C.K. contributed equally to this work.
Methods Patients
We retrospectively evaluated the medical records of patients who were referred for exercise stress echocardiography to evaluate dyspnoea or chest discomfort between June 2010 and July 2012. Among the 3156 patients screened, patients with LV systolic dysfunction (LVEF ,50%) (n ¼ 182), significant valvular heart disease defined as moderate or greater severity (n ¼ 52), unmeasurable pulmonary artery systolic pressure (PASP) (n ¼ 800), or underlying pulmonary hypertension (resting PASP .50 mmHg) (n ¼ 73) were excluded. Patients with findings suspicious for myocardial ischaemia on exercise stress echocardiography (n ¼ 582) or underlying atrial fibrillation (n ¼ 84) were also excluded. A total of 1383 patients were included. We collected laboratory findings including haemoglobin, blood urea nitrogen (BUN), serum creatinine, N-terminal pro-brain natriuretic peptide (NT-proBNP), and haemoglobin A1C within 3 months of the exercise stress echocardiography. NT-proBNP value was available in 225 (51.6%) patients with EIPH and 475 (50.2%) patients without EIPH. This study was approved by the Human Research Ethics Committee of the Samsung Medical Center and was conducted according to the Declaration of Helsinki. A waiver of consent was granted, given the retrospective nature of the project. Patient records and information were anonymized and de-identified prior to analysis.
Stress echocardiographic study
Stress echocardiography was conducted using a symptom-limited treadmill exercise test with the Bruce protocol. The 12-lead electrocardiogram and blood pressure (BP) were monitored during exercise. Treadmill exercise was terminated if the target heart rate (85% of the maximal predicted heart rate for age) was achieved and if the patients developed limiting symptoms (significant chest pain or dyspnoea), ventricular tachycardia, haemodynamically significant arrhythmias, or haemodynamic instability.
11,12
Standard transthoracic two-dimensional echocardiography was obtained before and immediately after exercise. Before the exercise, LV diastolic and systolic dimensions, LVEF, left atrium (LA) diameter, and LA volume were measured. The LA volume index was calculated as LA volume divided by body surface area. For the evaluation of LV diastolic function, peak E and A wave velocities of the mitral inflow and the deceleration time of the E velocity were also measured. In addition, the early diastolic mitral annular velocity (e ′ ) was measured using tissue Doppler imaging from the apical four-chamber view at the septal aspect of the mitral annulus. The PASP was estimated from the maximal velocity of the tricuspid regurgitant jet using continuous-wave Doppler with the simplified Bernoulli equation and adding the right atrial pressure, which was assumed to be 10 mmHg. Post-exercise echocardiographic images were acquired within 30 -60 s after the termination of treadmill exercise. Immediately after exercise, diastolic function and the PASP were measured again. The EIPH was defined as a PASP ≥50 mmHg at exercise. 10, 13, 14 Cardiac output was calculated from stroke volume and heart rate at rest and exercise, respectively. The stroke volume of LV was determined by difference between LV enddiastolic volume and LV end-systolic volume. All examinations were measured according to the European Association of Echocardiography/American Society of Echocardiography recommendations. 15 All images were qualitatively interpreted by experienced cardiologists. Clinical characteristics and baseline echocardiography Table 1 shows the baseline demographic, clinical, and laboratory findings between the two groups. Patients with EIPH were older (61.6 + 10.2 vs. 58.7 + 10.5 years, P , 0.001) and more commonly male (55.3 vs. 45.7%, P ¼ 0.001) when compared with those without EIPH. The patients with a history of hypertension or dyslipidaemia and smokers were more common in the group with EIPH than in the group without EIPH. The number of patients with a history of diabetes or chronic kidney disease did not significantly differ between the two groups. The percentage of patients with chronic obstructive lung disease, which can cause pulmonary hypertension, was similarly low in both groups (1.6 vs. 0.8%, P ¼ 0.262). Patients with EIPH had worse exercise capacity as reflected by shorter exercise times when compared with the patients without EIPH (547.1 + 123.6 vs. 564.0 + 126.0 s, P ¼ 0.020), even though the group with EIPH had a greater percentage of male patients. Baseline laboratory findings were also similar between the groups, with exception of NT-proBNP, which was significantly higher in patients with EIPH than those without EIPH (median [interquartile range]; 67.1 [39.4-125.5] pg/mL vs. 47.1 [26.0-93.9 ] pg/mL, P , 0.001).
Statistical analysis
On the basis of the echocardiographic findings at rest, the group with EIPH had significantly higher LV end-diastolic dimensions (49.7 + 4.1 vs. 49.2 + 4.1 mm, P ¼ 0.024) and worse diastolic function associated with a lower value of e ′ (7.0 + 2.0 vs. 7.5 + 2.3 cm/s, P , 0.001), longer deceleration time (238.9 + 54.9 vs. 232.8 + 46.0 ms, P ¼ 0.043), and a higher value E/e ′ ratio (10.1 + 2.9 vs.
9.1 + 2.7, P , 0.001) when compared with those without EIPH ( Table 2) . The PASP at rest was significantly higher in the group with EIPH than in the group without EIPH ( 
Treadmill exercise stress echocardiography
The echocardiographic findings immediately after exercise are shown in In addition, the E/e ′ ratio at exercise was also higher in the group with EIPH when compared with the group without EIPH (10.7 + 3.2 vs. 9.6 + 2.7, P , 0.001). There was no significant difference in cardiac output between the two groups. However, the ratio of changes in PASP and cardiac output after exercise (DPASP/Dcardiac output) was significantly higher in the group with EIPH than in the group without EIPH (6.5 + 4.9 vs. 3.7 + 3.0, P , 0.001).
Independent determinants of EIPH
In univariable analysis, a significant correlation was found between PASP at exercise and age, a history of hypertension and dyslipidaemia, body mass index, resting systolic BP, LVEF, LA diameter, resting e ′ , resting E/e ′ ratio, and resting PASP ( Table 4) . Gender was not associated with PASP at exercise (P ¼ 0.079). Interestingly, PASP at exercise was correlated with Ln NT-proBNP (r 2 ¼ 0.037, P , 0.001) (Figure 1 ).
In comparison with post-exercise variables, a correlation was also found between PASP at exercise and post-exercise systolic BP (r 2 ¼ 0.016, P , 0.001), post-exercise E/e ′ (r 2 ¼ 0.044, P , 0.001), exercise duration (r 2 ¼ 0.012, P , 0.001), and metabolic equivalent of task (MET) (r 2 ¼ 0.009, P , 0.001) (Figure 2 ).
In the multiple linear regression, age (r 2 ¼ 0.062, P , 0.001), resting E/e ′ ratio (r 2 ¼ 0.040, P , 0.001), and resting PASP (r 2 ¼ 0.284, P , 0.001) remained independent determinants of EIPH ( Table 4) . A history of hypertension and systolic BP did not show significant relationship with PASP at exercise in the multivariable analysis. We used multiple linear regression analysis using the step-wise selection method to identify the independent determinants of EIPH. Using the final model, we compared the value of two clinical variables in the following manner. In Model 1, we included clinical data, echocardiographic findings, and age. In Model 2, we added resting PASP to Model 1. In Model 3, we added resting E/e ′ ratio to Values are presented as mean + standard deviation. EIPH, exercise-induced pulmonary hypertension; BP, blood pressure; PASP, pulmonary arterial systolic pressure; DPASP/Dcardiac output, the ratio of changes in PASP and cardiac output after exercise.
P , 0.001, and when compared with Model 2, the incremental value was x 2 ¼ 5.4 with P ¼ 0.020 (see also Figure 3 ). The addition of resting PASP and resting E/e ′ significantly improved the clinical predictive power of a model containing clinical data, echocardiographic findings, and age.
Discussion
The main findings of our study were that (i) EIPH was documented in one-third of patients with preserved LVEF referred for exercise echocardiography to evaluate unexplained exertional dyspnoea or chest discomfort, (ii) EIPH was significantly related to patients' age, resting E/e ′ ratio, and resting PASP, and (iii) the power of clinical determinants derived from clinical data and resting echocardiography variables could be improved with the addition of age, resting PASP, and resting E/e ′ ratio.
The incidence of EIPH has been commonly reported to be 42 -47% in patients with systemic sclerosis, 13, 16 46 -55% in patients with valvular heart diseases, 8, 9 and 34% in patients with normal LVEF, 3 which was consistent with its prevalence of 31.5% in patients with preserved LVEF in our study. Even though it had a lower incidence than connective tissue diseases or valvular heart diseases, EIPH was also not rare in normal patients without structural heart disease. 3 Therefore, we suggest that the diagnosis of EIPH could be considered in patients with unexplained dyspnoea on exertion or exertional intolerance, and stress echocardiography including diastolic testing could be used to screen for these patients. PAP depends on left atrial pressure and pulmonary vascular resistance (PVR). 4 Because PVR is decreased during exercise as a result of pulmonary vascular recruitment and distension in normal individuals 13, 17 and those with HF with preserved ejection fraction, 18 increased PAP is mainly caused by increased left atrial pressure. 19 This corresponds with our findings that the E/e ′ ratio was an independent determinant of EIPH, as the mitral E/e ′ ratio could predict LV filling pressure. 20 Furthermore, patients with EIPH had worse diastolic function including longer deceleration time, lower e ′ values, a higher E/e ′ ratio, and a higher NT-proBNP value in our study. As increased PAP could be regarded as a predictor of diastolic dysfunction in patients with HF with preserved ejection fraction, 18, 21 EIPH might be an early manifestation of diastolic HF as well as pulmonary hypertension.
In normal individuals, elevations in PAP could be developed during exercise with increasing cardiac output. 22, 23 However, we showed that cardiac output at rest and exercise was not different between patients with and without EIPH in this study. Even though cardiac output was increased after exercise in both groups, we identified that DPASP/Dcardiac output ratio was significantly different. The higher DPASP/Dcardiac output ratio in patients with EIPH, when compared with those without EIPH, could be a pathological rather than a physiological response.
We identified that age was an independent determinant of EIPH. However, PAP at rest and exercise increases with ageing in normal adults, 18,23 -26 and it was difficult to define single upper limit of normal PASP value in the elderly. 22 Therefore, we adopted PASP
.50 mmHg as a criteria of EIPH, of which it was higher value than a criteria of pulmonary hypertension. 27, 28 Accordingly, age as a determinant of EIPH might be regarded as a considerable finding. Increasing PASP with ageing could be caused by age-associated decrease in elastic recoil; 26 however, whether it is simply ageing process or pathological change was not clearly understood. A previous study identified that increase in resting PASP with ageing was associated with higher mortality in patients without cardiopulmonary disease. 29 Therefore, further studies would be needed with regard to clinical implication of EIPH in the elderly. Pulmonary hypertension is a frequent complication of HF with reduced LVEF and contributes to poor clinical outcomes. 30 EIPH has been considered to be an early and mild phase of the pulmonary hypertension spectrum 1 -3 and has been associated with poor clinical outcomes in patients with preserved LVEF 10 as well as in patients with valvular heart disease. 7 -9 Considering the clinical implications of EIPH, patients with symptoms such as exercise intolerance or chest discomfort, especially the elderly, might warrant further evaluation with diastolic stress echocardiography even if they have no structural heart disease or resting PASP within the normal range.
In the present study, the group with EIPH had a significantly higher percentage of male patients than those without EIPH, which differed from the results of Ha et al., which showed a female predominance among patients with EIPH and preserved LVEF. 3 Patients with findings suspicious for myocardial ischaemia on exercise stress echocardiography were excluded in this study. In addition, a previous study identified that gender did not significantly influence PASP at rest and exercise in normal individuals. 22 Therefore, the male predominance in the EIPH group might be a considerable finding despite its lack of statistical significance in multivariable analysis. Earlier studies of EIPH in valvular heart disease also showed a male predominance among affected patients, consistent with the findings of the present study. 8, 9 As male patients had longer exercise times than females, the higher intensity of exercise in male might have affected the male predominance in patients with EIPH on exercise echocardiography. In this regard, further investigations on the relationship between EIPH and gender are necessary. This was a study using the treadmill test to evaluate patients with EIPH. Most studies of EIPH have been conducted with stress echocardiography on the basis of symptom-limited bicycle exercise. 3, 6, 8, 10, 13, 16 However, treadmill exercise tests are commonly used for stress echocardiography to evaluate diastolic function. 31, 32 In addition, Burgess et al. verified the good correlation between LV end-diastolic pressure and the E/e ′ value during exercise using the treadmill test. 33 Although stress echocardiography using the treadmill test could not measure echocardiographic parameters according to exercise intensity, the treadmill test appears to be a more physiological test than bicycle exercise in the semi-supine position because the former could cause enough physical stress to induce dyspnoea in patients. To date, this is the largest study of patients with EIPH and preserved LVEF and based on the treadmill test. The present study has several limitations. Because of its retrospective design, we could collect a limited set of patient data and could not include clinical outcomes. In addition, we could not evaluate a direct correlation between EIPH and patients' symptoms such as dyspnoea of exertion, because the patients' oxygen consumption was not measured during exercise. Even though the post-exercise echocardiographic parameters were obtained within 30 -60 s immediately after the treadmill exercise, they might be unreliable because the PAP was rapidly returned after the termination of exercise. Therefore, the incidence of EIPH could be higher in patients with preserved LVEF.
Conclusions
EIPH is a common finding in patients with preserved LVEF referred for exercise echocardiography for evaluation of unexplained exertional dyspnoea or chest discomfort. Age, resting E/e ′ ratio, and resting PASP were significantly associated with EIPH. Therefore, we suggest that EIPH should be considered as a cause of unexplained exercise intolerance or exertional dyspnoea in patients with preserved LVEF. Further investigations of the clinical outcomes of patients with EIPH are required.
